The internesting interval separates successive clutches of sea turtle eggs, and its duration varies both among and within species. Here, we review the potential physiological limits to this interval, and develop the hypothesis that desalination capacity limits the internesting interval owing to the requirement for water deposition in eggs. Sea turtles deposit 1-4 kg of water per clutch in egg albumen; for most species, this represents about 2% of adult body mass. We calculate how quickly turtles can recover this water by estimating maximal salt excretion rates, metabolic water production and urinary losses. From this water balance perspective, the 'water-limitation' hypothesis is plausible for green turtles but not for leatherbacks. Some plasma biochemistry studies indicate dehydration in sea turtles during the nesting season, although this is not a universal finding and these data have rarely been collected during the internesting interval itself. There is mixed support for a trade-off between clutch size and the length of the interval. We conclude that the 'water-limitation' hypothesis is plausible for most sea turtle species, but requires direct experimentation.
Introduction
In association with their expansion into marine habitats, non-avian reptiles and many birds have evolved salt glands that efficiently dispose of the excess sodium and chloride ions ingested with their marine diets [1] . Nonetheless, the presence of a salt gland does not free marine tetrapods entirely from water stress. Indeed, the energy cost of maintaining and using the gland can shape the natural histories of marine reptiles. Pelagic sea snakes, for example, become dehydrated for extended periods despite having a salt gland because they do not drink undiluted seawater [2] . Here, we explore these limitations to salt gland capacity and how they may affect reproductive frequency in sea turtles by lengthening what is known as the internesting interval.
(a) The internesting interval and its ecological and physiological limitations
During a breeding season, sea turtles migrate from feeding grounds to nesting beaches where they lay several clutches of eggs, each separated by a one-to four-week period termed the 'internesting interval'. Although the length of this interval varies both among and within species, the potential causes of this variation are not completely understood. This period is not used for forming yolks for the next clutch of eggs, as sea turtles arrive at nesting beaches with vitellogenesis completed for all clutches of that season [3 -5] . Moreover, it should be advantageous for turtles to reduce the time spent in the internesting interval; doing so should allow them to return to foraging grounds sooner [6, 7] and possibly increase the number of clutches they can lay in a nesting season [8, 9] . Attempts to gain a better understanding of possible causes for variation in the internesting interval have led to grouping sea turtles into two types: those with internesting intervals seemingly dependent on ecological (or 'external') factors, and those with internesting intervals governed more by physiological (internal) factors [10] . Ridley turtles (Lepidochelys spp.) have been characterized as having ecologically based internesting intervals [10] . Unlike other species, ridleys engage in massive synchronized nesting events, in which thousands of reproductive females emerge from the ocean during a period of one or several days, each turtle laying a single clutch [11] . These nesting events are coordinated by environmental factors [10, 12] and the internesting intervals of ridleys are variable and often quite long (two to four weeks or more) [10] [11] [12] , perhaps involving retention of mature eggs [7] . Predator-swamping (or other) benefits of mass nesting [13] presumably outweigh the costs of having longer internesting intervals.
The remaining species of sea turtles are thought to have internesting intervals that are instead limited by physiological factors. This characterization derives from the observation that individuals spending the internesting interval in warmer waters and having higher body temperatures tend to have shorter intervals [6,14 -18] . Females may in fact seek out warmer waters or bask on land for this reason [8, 9, 19, 20] . Unfortunately, this observation tells us little about which physiological process is limiting, since most physiological processes speed up with increasing body temperature. Some authors have attributed this temperature effect on internesting interval to a faster developmental rate of the embryos, allowing for earlier oviposition [8, 14, 20, 21] . However, as noted by Weber et al. [15] , embryonic development arrests very early in the internesting interval relative to oviposition [22] , and embryos remain in arrest until after the eggs are laid; embryonic development is therefore unlikely to determine the length of the interval. Instead, maternal processes involved with egg formation are probably more important. To date, there has been no in-depth exploration of these maternal physiological mechanisms.
(b) Potential physiological limitations to the internesting interval
The steps required for producing eggs during the internesting interval include: (i) ovulation; (ii) fertilization; (iii) assembly of albumen around the fertilized ova; and (iv) deposition of the shell membranes and calcareous shell. Ovulation occurs immediately following the previous nesting event [22 -24] and therefore seems unlikely to limit the internesting interval. Fertilization is thought to proceed from stored sperm acquired prior to the first nesting [25] [26] [27] , and thus, the internesting interval should not be limited by the processes of finding mates or fertilization. Therefore, it seems most likely that the rate of egg formation is limited either by the production of albumen or deposition of the shell. Albumen production involves several albumen proteins that are synthesized in, and secreted by, the anterior part of the oviduct [28, 29] . The deposition of albumen proteins is rapid, and sea turtle eggshells begin to form within a few days after ovulation [22, 23, 30] . Eggs spend the majority of the internesting period in the shell-forming region of the oviduct, where the shell membranes and calcareous shell are laid down [28, 31, 32] .
At first glance, this timeline would seem to eliminate the albumen deposition step from determining the internesting interval. However, deposition of albumen requires not only albumen proteins but also a large amount of water, which can be added to albumen even after the shell has been laid down [33] [34] [35] . Therefore, females may need to delay nesting until addition of this water is complete. Moreover, transfer of water from the mother to the eggs-even if it occurs rapidly and is completed prior to shell formation-could nonetheless affect the internesting interval because it could cause significant dehydration in the mother that might need to be alleviated prior to nesting.
In the following section, we explore the hypothesis that the capacity for water desalination limits the internesting interval owing to the need for deposition of large amounts of water in albumen. The deposition of the shell (and mobilization of the required calcium from the skeleton) has been poorly studied in turtles (see [36] [37] [38] [39] [40] [41] ) and will not be discussed further here, but should be considered a viable alternative hypothesis.
2. Is the 'water-limitation' hypothesis plausible from a water balance perspective?
Although the water-limitation hypothesis is new and lacking direct experimentation, a major goal of the present work is to review existing literature to determine if water limitation is a plausible scenario for nesting sea turtles. To approach this problem, we consider two major factors: the amount of water deposited in sea turtle eggs, and the capacity for water gain by adult sea turtles.
(a) Deposition of water (and sodium) in the clutch Sea turtles vary greatly in the numbers of eggs they lay per clutch as well as in the mass of eggs laid (table 1) . We focus here on albumen because we assume that most of the water in the yolk is deposited during vitellogenesis prior to arriving at the nesting beach, and thus has little potential to limit the internesting interval. There may be some movement of water from albumen to the yolk during egg formation, such that this assumption likely provides a conservative estimate. In addition, we have used some representative values for the clutch size and nesting adult body mass for each species to estimate the amount of water allocated to a clutch as a percentage of body mass. Some care must be taken in using these mean values because egg size can vary substantially among individuals, and for some species, this is accounted for by variation in the amount of water in the albumen ( [49, 53] , but see [47] Nesting female body masses from [55 -60] .
c Richard & Lâu [61] also reported the egg composition of C. mydas. However, they did not describe the provenance of their eggs, and the egg mass they report is substantially lower than other studies. Their focus was on the nutritional value of eggs for human consumption. The low egg mass (30.8 g) they report, along with the deflated appearance of the eggs [61] , indicate that their eggs had undergone substantial desiccation prior to their measurements, and may have been obtained at a local market well after they were laid. Thus, the low albumen mass they report (8.75 g; 28% of egg wet mass) does not likely represent the condition of freshly laid eggs. Even in that desiccated state, the albumen was 97.7% water.
d
Albumen per cent water data courtesy of personal communication (May 2018) from S. Weber and J. Blount. Water was 54.9% of yolk mass in the same study.
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For the leatherbacks, we have added 665 g of water for shelled albumen gobs (SAGs), calculating an average 880 g SAGs per nest (JR Spotila, FV Paladino, RD Reina, R Piedra, E Vélez 2003, unpublished data), multiplied by 90% to approximately account for shell mass, and multiplied by 84% to account for dry mass of albumen. Although other sea turtles may occasionally lay SAGs, only leatherbacks lay them regularly in large amounts [22] .
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Depending on species, sea turtles invest 2.5-5 kg of water in each clutch, of which 1-4 kg is located in the albumen. For most species, this represents 1-2.5% of the body mass of the nesting female, and for olive ridleys, it reaches 3.9% of female body mass (table 1) . It is noteworthy that olive ridleys have the highest mass-specific investment of water in their clutches and also the longest internesting intervals. The only description of sea turtle albumen sodium concentration is for loggerheads, which were reported to have 95.7 mmol sodium kg 21 water (calculated from [50] 
(b) Desalination capacity and water gain
A few studies have directly measured the capacity for mass gain by turtles drinking seawater. This measurement is analogous to the recovery of water after deposition in a clutch, as it takes into account both the capacity for desalination and the loss of water through urination or transcutaneous movement. Studying loggerhead turtles after emerging from the nest, Bennett et al. [64] showed that after a short period of mass loss (12% of body mass), hatchlings regained this mass within 10 -15 days in seawater. Because hatchlings do not feed during this time, this suggests that they can gain approximately 1.5% of body mass per day solely by drinking and desalinating seawater. Hatchling loggerheads that were experimentally dehydrated in air before being placed in seawater could gain approximately 6% of body mass per day as a maximum, while maintaining plasma sodium levels [64] . Similarly, green turtle hatchlings gain mass rapidly in seawater, ranging from 2.3 to 8.5% of body mass per day, despite not eating during this period [65] . High rates of gain in body mass (and body water) have also been reported for hatchling leatherback and olive ridley turtles [66, 67] . If we were to assume that adults can achieve similar rates of mass gain, these measurements would suggest that the water deposited in an average clutch of eggs (table 1) can be recovered in 1-2 days. However, the desalination capacity of the salt gland scales allometrically [68] [69] [70] , and the capacity for mass gain by drinking could scale allometrically as well. Therefore, we take a different approach, modelling daily capacity for water gain according to the below equation and discussing each component separately:
water gain ¼ water desalinated þ metabolic water À urinary losses:
ð2:1Þ
Although there are some studies of salt glands and water balance in leatherback and loggerhead turtles, most studies have been conducted on green turtles. Therefore, for illustrative purposes, we will make calculations for a hypothetical nesting green turtle of average mass (166 kg). Our focus will be on sodium, with the assumption that the processing of other solutes (e.g. Cl 2 ) is no more limiting than sodium.
( [65, 67, [71] [72] [73] [74] . Total 'tear' production capacity (as a volumetric rate) varies with body size, and may be related to the size of the salt gland [69, 75] . For our mass balance approach, we need to know the maximum amount of albumenous water that turtles can produce, which we will calculate by determining the capacity of the salt gland. To our knowledge, there have been no previous studies of maximal sodium excretion in adult sea turtles, so for the following analysis, we provide the caveat that we will be extrapolating beyond the body mass range of existing data. We regressed the maximum sodium excretion rates on body mass for green turtles measured in several studies ( figure 1) Captive and field-based measurements of deuterium loss in green turtles [77, 78] imply salt excretion rates that lie fairly close to this curve (figure 1), which provides some degree of validation. While these deuterium-based water flux measurements are likely submaximal, they also may overestimate true water throughput [79] . Based on this allometric equation (equation (2.2)), a 166 kg green turtle with its salt glands operating continuously at maximum capacity should be able to excrete 1378 mmol of sodium per day (i.e. Na Total in equation (2.4)). To calculate how much water this represents for a turtle maintaining osmotic balance, we calculate the maximum amount of water the turtles can drink, while subtracting away the water lost in lacrimal secretions (tears) (see electronic supplementary material). Thus There are not enough data to build an allometric curve for leatherbacks and thus calculate their maximal sodium excretion rates, but variation in the relative mass of the salt gland suggests that their allometric decline in salt gland function with body mass is much less steep when compared with other sea turtle species. For example, the salt gland from a 450 kg adult leatherback was 0.14% of body mass [69] , while that of a 133 g hatchling was less than three times greater (0.398%) [80] . In comparison, the salt gland represents only 0.045% of body mass in 40 kg green turtles [81] , but 0.3% of 53 g hatchlings [76] , i.e. a sevenfold difference over a smaller size range. The larger relative salt gland mass of adult leatherbacks compared to other sea turtles (see also [68, 81] ), and their shallow allometric decrease with body mass, may point to the leatherback's greater need for desalination capacity as it consumes large amounts of watery prey items ( jellyfish) that are near isosmotic with seawater [82] .
A greater capacity for desalination in leatherbacks is also borne out by measurements of water flux over the internesting interval calculated using deuterium loss [55] . This technique can lead to large overestimations of water throughput [79] , but with that caveat in mind, we can estimate field desalination rates in reproductive leatherbacks. The maximal loss of water by desalination is in proportion to the total throughput, derived by simple dilution max proportion of throughput lost to tears ¼ ½ Na Sea ½ Na Tears : ð2:5Þ [55] .
If 49% of this volume was lost to salt gland excretions, then at least 24 l were available for other purposes. This represents 8.9% of body mass, and substantially more than green turtles.
(
ii) Metabolic and bound water
To calculate the metabolic and bound water made available by oxidation of substrates, we assume that nesting females are primarily using fat stored in adipose tissue to fuel their metabolism [83] . Our theoretical 166 kg turtle would expend 1882 kJ d 21 (based on the metabolic rate of swimming green turtles; [84] ). Given that 0.029 g of water (metabolic water þ bound water) is released per kilojoule supplied from adipose tissue [85] , this would result in an extra 55 g of pure water per day. Mixing this with seawater yields 69 g of albumenous water, or 0.04% of body mass per day. This contribution is quite small (less than 4%) relative to that of desalination.
(iii) Urinary losses
The capacity to regain water deposited in albumen must also account for urinary and integumental water losses. Unfortunately, there are few data available on this point, which is critical to understanding water balance. Although not well studied, urinary losses can be substantial. In 50 kg green turtles, for example, daily urinary losses were estimated to account for most of the maximal net water (57-85%) that could be produced by desalination [71] . These measurements were made in dehydrated turtles that had high plasma sodium and osmolarity, i.e. turtles that would benefit from retaining desalinated water. The fact that they urinated most of what they could desalinate suggests that this high level of urine output is an unavoidable loss, possibly as a consequence of both waste excretion and the integrated osmoregulation system of sea turtles. Sea turtle urine is isosmotic or slightly hyperosmotic to plasma, while urine sodium concentrations (22 mmol kg
21
) are quite low relative to plasma (150 mmol kg 21 ) even in dehydrated animals owing to kidney reabsorption of sodium, which creates 'osmotic space' for removal of wastes [71, 75] . Much of the nitrogenous waste in green turtles is ammonia [86] , which requires relatively large quantities of water for removal.
(c) Synthesis
Using our calculations above, we can estimate how long it would take our hypothetical nesting green turtle to recover the water deposited in a clutch. (table 1) , it would take nearly 10 days to recover the lost water, a period approximating the shortest internesting intervals observed for green turtles [15] . Thus, from a water balance perspective, the water-limitation hypothesis seems plausible for green turtles, given the available data. Simultaneously, these analyses highlight the shortcomings of existing data. We have tried to make reasonable assumptions regarding the scaling of salt gland capacity and metabolic water production, but we have also chosen values for urine production at the high end of the published range (85%). Our goal here was merely to show plausibility; testing this hypothesis will require empirical data from studies on adult animals.
Interestingly, our analyses also suggest that leatherbacks may be the exception that proves the rule. If we apply the same estimate of minimum urine production (85%) to the volume of free water (24 l d 21 ), we calculate that leatherbacks can recover about 3.6 l d 21 , more than enough to endow their clutches with albumen in just a few days (table 1) , even without accounting for metabolic water. Thus, desalination capacity does not seem to limit the internesting interval for royalsocietypublishing
Additionally, this high desalination capacity might explain some of the unique features of leatherback nests. Leatherback eggs have the highest proportion of albumen of all sea turtles, with unknown benefit [88] (table 1) . Moreover, they are the only species to regularly produce shelled albumen gobs (SAGs), the function of which is still unclear. Both features require inputs of water, and even so, leatherback clutches contain among the lowest quantities of water relative to adult body mass for any sea turtle (table 1) . Thus, at least part of the reason why leatherbacks may be unique in both of these regards is that they have higher mass-specific desalination capacity than other sea turtle species. Regardless of the benefit gained from endowing clutches with more albumen, their larger salt glandswhich probably evolved in conjunction with eating copious aqueous prey-simply have the higher functional capacity necessary for a greater investment of water into clutches compared to other species.
Evidence of dehydration during the nesting season
Dehydration is known to occur during egg formation in at least one reptile (Antaresia childreni) owing to the transfer of maternal body water to eggs [89] . This occurs because the egg-forming period of this terrestrial snake coincides with the local dry season, during which water resources are scarce. Although sea turtles have unlimited access to seawater and are known to drink during the internesting interval [90 -92] , our analysis above suggests that desalinated water could be limited during the nesting season, potentially resulting in temporary dehydration. Some blood biochemistry studies may indicate that sea turtles are dehydrated during the nesting period. Compared to foraging turtles, serum albumin levels and total plasma protein were elevated during nesting in loggerheads [93] . Serum protein was also elevated during nesting in green turtles [94] . Hyperalbuminaemia and hyperproteinaemia are typically considered indicators of dehydration [95] , and these data could therefore be interpreted as indicating that nesting loggerhead and green turtles experience at least mild dehydration. This could occur via a loss of body water to the eggs, while serum albumin and other proteins remain in the blood. This is possible in the absence of hypernatraemia if plasma sodium concentration is maintained despite low body water levels.
These seasonal changes in serum albumin and total protein could, of course, be owing to other reasons. However, the seasonal increase in serum albumin is notable; oestrogen levels are elevated during nesting in sea turtles [96] [97] [98] and serum albumin usually declines in response to elevated oestrogen in many reptiles, including freshwater turtles [83] . Similarly, total plasma protein includes albumin as a major component, and might therefore be expected to be lower during the nesting season, so its elevation in nesting loggerheads and green turtles supports a dehydration interpretation.
An alternative explanation that might account for elevated plasma protein involves vitellogenin, which in freshwater turtles can rise high enough under oestrogen stimulation to increase total plasma protein even with depressed levels of serum albumin [99] . Nesting sea turtles are post-vitellogenic; but, owing to their elevated oestrogen levels, they might incidentally produce yolk precursors such as vitellogenin [83] . Green turtles have much higher plasma protein when nesting compared to the main vitellogenic period [94] , which would seem to eliminate this explanation for elevated plasma protein. It is, however, possible that once yolk deposition is complete, circulating yolk precursors like vitellogenin no longer have a major 'sink', and that this causes plasma vitellogenin (and thus plasma protein) to rise above concentrations seen during active yolk deposition. A similar explanation has been proposed for high plasma vitellogenin concentrations in postvitellogenic birds [100] . Further study of these plasma markers could help distinguish among these competing interpretations.
Overall, these few studies are suggestive of potential dehydration in green and loggerhead turtles, but are far from conclusive. Moreover, the lack of elevated protein or serum albumin (or hypernatraemia) in leatherback [101, 102] or hawksbill turtles [103] during nesting indicates that dehydration is not a wide-spread condition for sea turtles during the nesting season, or, if present during the internesting interval, dehydration has subsided by the day of re-nesting in most sea turtles. Future measurements of blood biochemistry during the internesting interval would be particularly useful for addressing this question.
Evidence for water limitation to the internesting interval
One prediction arising from the water-limitation hypothesis is that the duration of the internesting interval should be affected by the amount of water deposited into a clutch. Egg composition has rarely been reported along with internesting data, and even less information is available for albumen water. However, a few studies have investigated the relationship between internesting interval and clutch size, the latter of which can be treated as an imperfect substitute for the 'albumen water of a clutch'. In green turtles, clutch size was not significantly related to either the pre-nesting or post-nesting interval [104] . However, after accounting for female body size in a forward stepwise regression, clutch size improved model prediction and was retained in the final model [104] . By contrast, a different population of green turtles showed no relationship between clutch size or clutch mass and the internesting interval after including sea surface temperature in the model [15] . In loggerheads, there was no relationship between clutch size and the length of the pre-nesting interval, although the model did not take body size into account [14] . Given that clutch size is commonly correlated with maternal body size [104] [105] [106] , it may be necessary to account for this variable to detect a relationship between clutch size and internesting interval. Moreover, there may be species-specific relationships between clutch size and egg size [104, 107] , such that clutch size alone may not be a good estimator of clutch water deposition.
Perspectives, conclusion and future research needs
One central tenet of physiological ecology is that organisms should evolve enough physiological capacity to meet royalsocietypublishing.org/journal/rsbl Biol. Lett. 15: 20190248 normal demands, and perhaps some spare capacity, but not too much [108] . Extra capacity is energetically expensive to maintain, so keeping it to a minimum is advantageous. Sea turtles spend most of their lives away from the nesting beach, using their salt gland to remove excess salt consumed during feeding and producing water used to eliminate wastes. Except as newly emerged hatchlings [64] , sea turtles probably rarely need to desalinate substantial amounts of water above those requirements. It may be that the salt gland's functional capacity is high enough for daily needs outside the reproductive season but low enough to limit the rate of clutch production during nesting, a period lasting only a fraction of their lives. Moreover, the location of the salt gland inside the skull may make it impossible to achieve any significant phenotypic flexibility via seasonal increases to gland size. Our analysis of water balance in nesting sea turtles suggests that the water-limitation hypothesis is a plausible explanation for variation in the length of the internesting interval for some species, and therefore deserves further research attention. Thus far, predictions arising from the hypothesisregarding dehydration during nesting and the effects of clutch size on internesting interval-have only mixed support. We suggest research in the following areas would be fruitful for addressing this hypothesis: salt gland function in adult (especially nesting) sea turtles; urine production rates in adult turtles; plasma biochemical profiles taken during the internesting interval; and research directly relating clutch water deposition to internesting interval duration.
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